ABSTRACT The effect of temperature on the duration of embryonic and nymphal development as well as on the preoviposition period of the polyphagous predator Macrolophus pygmaeus Rambur was studied in the presence and in the absence of prey on eggplant, pepper-plant, and tomato at 15, 20, 25, 27.5, 30, and 35ЊC, with 65 Ϯ 5% RH and photoperiod of 16:8 (L:D) h. The aphid Myzus persicae (Sulzer) was used as prey on eggplant and pepper-plant and the whiteßy Trialeurodes vaporariorum (Westwood) on tomato. The data obtained were used for the estimation of the thermal requirements of this predator. The temperature threshold for egg development was found as 7.61 and 6.92ЊC, for nymphal development in the presence 8.74 and 9.19ЊC and in the absence of prey 8.21 and 9.29ЊC, for preimaginal development 8.68 and 8.79ЊC, for preoviposition 7.58 and 6.96ЊC, and Þnally for egg-to-egg development 8.48 and 8.51ЊC on eggplant with M. persicae and on tomato with T. vaporariorum, respectively. On pepper-plant the temperature threshold for nymphal development was 8.26 and 8.23ЊC in the presence and in the absence of prey, respectively. The values of temperature threshold for development of the various nymphal stages were similar. It was also found that the slopes of the linear regressions between the rate of nymphal development and temperature were not signiÞcantly different among the different host plants in the presence and in the absence of prey. Also, the slopes of the linear regressions concerning the development of each nymphal stage with temperature were not found to differ signiÞcantly among the host plants in the presence and in the absence of prey. The thermal constant for egg development was estimated as 177 and 182, that for nymphal development in the presence 269 and 253 and in the absence of prey 332 and 306, for preimaginal development 439 and 431, for preoviposition 100 and 98 and Þnally that of egg-to-egg development 541 and 533 degree-days when fed on M. persicae on eggplant and on T. vaporariorum on tomato, respectively. On pepper-plant the degree-days for nymphal development was 280 and 361, in the presence and in the absence of prey, respectively. The temperature threshold for development was not found to differ among the host plants in the presence and in the absence of prey. However, the degree-days were signiÞcantly different between the presence and absence of prey on each host plant; the thermal constant in the absence of prey was estimated as an average of 1.21 times of that in the presence of prey. The results show that M. pygmaeus can establish, develop, and oviposit even in the absence of prey in relatively low temperatures and hence it can be released early in the season for an earlier and more effective control of whiteßies and aphids on vegetables.
THE ESTIMATION OF the temperature threshold and degree-days (DD) for development of natural enemies can substantially contribute to the selection of the most suitable natural enemy to be used at different environmental conditions. The temperature threshold for development has been estimated for several natural enemies that are used in greenhouses, e.g., Encarsia formosa Gahan (Hymenoptera: Aphelinidae) (Obsorne 1982 , Madueke and Coaker 1984 , Enkegaard 1993 , Shishehbor and Brennan 1996 and several Orius species (Hemiptera: Anthocoridae) (Isenhour and Yeargan 1981 , Kingsley and Harrington 1981 , McCaffrey and Horsburgh 1986 , Nakata 1995 , Nagai and Yano 1999 .
In studies concerning the occurrence and abundance of natural enemies of whiteßies and aphids in tomato Þelds in central Greece, the predator Macrolophus pygmaeus Rambur was found to predominate, constituting the most effective biological control agent of these insect pests (Perdikis and Lykouressis 1996 . Also, it has been found in high numbers on tomato plants in periods of prey scarcity without causing damage to the plants . This predator oviposits in stems and the main vein of leaves; and after egg eclosion, nymphs pass through Þve nymphal stages to reach adulthood. Studies on predation rate showed that females and nymphs of the Þfth stage were the most voracious among all nymphal stages and adults of the predator .
Laboratory studies have also shown that M. pygmaeus is a polyphagous predator, feeding on T. vaporariorum and on several species of aphids such as Myzus persicae (Sulzer), Macrosiphum euphorbiae (Thomas), and Aphis gossypii Glover . Nevertheless, this predator can complete its nymphal development feeding on plant sap of tomato, pepper-plant, cucumber, and green beans as well as on two eggplant varieties Lykouressis 1999, 2000; Lykouressis et al. 2001) . Its ability to feed also on plant sap enables this predator to maintain populations in the scarcity or even in the absence of its insect prey.
The aim of this work was to estimate the developmental threshold and thermal requirements of the various immature stages and oviposition of M. pygmaeus and to examine whether they are affected by the presence/absence of prey on various host plants.
Materials and Methods
Laboratory cultures of M. pygmaeus were initiated from insects collected from a processing tomato Þeld in the area of Voiotia, central Greece, during September 1994 and have since been continuously cultured in the laboratory. The cultures were maintained on potted eggplants (ÔBonicaÕ) infested with M. persicae in wood-framed cages (80 by 80 by 70 cm) in a greenhouse at 22.5 Ϯ 2.5ЊC (mean Ϯ SD) and natural photoperiod.
To determine the egg incubation period, stems bearing eggs laid during the previous 24 h were placed in plastic cylindrical cages (4 cm diameter by 11 cm high). The cage had two openings covered by muslin, one at the top and one laterally, to allow ventilation. Their bases were inserted into the same diameter holes made on a piece of expanded polysterene foam. A stem was inserted into the moss material at the base of the cage. Every 24 h the cages were inspected and the nymphs emerged were collected. The experiments were conducted at 15, 20, 25, 27.5, and 30ЊC, with 65 Ϯ 5% RH and a photoperiod of 16:8 (L:D) h on eggplant (Bonica) with M. persicae and on tomato (ÔArlettaÕ) with T. vaporariorum. In each experiment, Ϸ20 replicates were used.
Nymphal development was studied using nymphs Ͻ24 h old. Each nymph was put separately in a plastic petri dish (9 cm in diameter and 1 cm high). Each petri dish had a round hole (3 cm in diameter) at the top covered with Þne muslin. A leaf of the host plant was placed upside-down on a water-soaked layer of cotton. The host plants tested were eggplant (Bonica), pepper-plant (ÔVidiÕ), and tomato (Arletta). On the leaf, depending on the experiment, there was insect prey or not. The prey on each leaf consisted of Ͼ100 individuals (nymphs from all instars and adults of the prey species). This number is far greater than the maximum daily food consumption of the predator . The aphid M. persicae was used as prey on both eggplant and pepper-plant and the whiteßy T. vaporariorum on tomato. The petri dishes were placed and kept in growth cabinets at 15, 20, 25, 27.5, 30, and 35ЊC, 65 Ϯ 5% RH, with photoperiod of 16:8 (L:D) h. There were 20 replicates (dishes) per treatment for all host plants in the presence and absence of prey. Every 24 h, molts were recorded and water added as needed. We constructed a key based on morphological differences to distinguish nymphal stages.
The preoviposition period of the predator was determined by placing a pair of newly emerged adults in transparent cylindrical cages (6.5 cm in diameter and 30 cm high) similar to those used in the study of incubation period. In each cage, two to three leaves with prey and one piece of stem of the same plant were inserted into the moss material at the bottom of the cage. Leaves and stems were replaced every 24 h. Stems were inspected until the Þrst egg was oviposited, indicating the end of the preoviposition period. The preoviposition period was determined at 15, 20, 25, 27.5, and 30ЊC, with 65 Ϯ 5% RH and photoperiod of 16:8 (L:D) h on eggplant (Bonica) with M. persicae and on tomato (Arletta) with T. vaporariorum. In each treatment, Ϸ20 replicates were used.
We calculated several linear regression equations with temperature as the independent variable using the method of Campbell et al. (1974) . Dependent variables included the rate of egg and nymphal development and preoviposition period of M. pygmaeus on each host plant, in the presence and in the absence of prey. Campbell et al. (1974) calculated the temperature threshold for development (t) (i.e., the temperature at which development ceases) by extrapolation to zero of that linear part of developmental curve. This was done based on the linear regression Y ϭ a ϩ bX, where Y was the rate of development and X the respective temperature in centigrade. In these calculations, only the rates of development included in the linear part of development curve were used. The temperature threshold for development was calculated as t ϭ -a/b, where ÕaÕ was the intercept and ÕbÕ the slope of the above referred linear regression equation, and the degree-days (K) were determined as K ϭ 1/b.
In all cases, only the data obtained at 15, 20, 25, and 27.5ЊC were used in calculations because we wanted to focus only on the linear part of the relationship between temperature and rate of development. Fitted lines were obtained using the statistical package JMP (SAS Institute 1989). The slopes of those lines were compared using the F-test (Snedecor and Cochran 1967) , and common regression coefÞcients were also calculated as estimates of the common slope in each case. We estimated the temperature threshold and the number of degree-days required for each period of development.
Results
Temperature Thresholds for Development. The period of egg development (in days) on eggplant with M. persicae and on tomato with T. vaporariorum at various temperatures is shown in Table 1 . The length of preoviposition period of M. pygmaeus on eggplant and tomato at the temperatures studied is given. The duration of the various nymphal stages on eggplant, pepper-plant, and tomato at 15Ð35ЊC, in the presence and absence of prey, is shown in Tables 2 and 3 .
The linear regression equations that describe the relationship between the rate of egg development and temperature on eggplant and tomato were determined (Table 4 ). The temperature threshold for egg development was found to be 7.61ЊC on eggplant and 6.92ЊC on tomato. The linear regression equations that describe the relationship between the rate of preoviposition period and temperature on eggplant and on tomato in the presence of prey were also determined and the regression coefÞcients and level of signiÞ-cance are also given (Table 4 ). The temperature threshold for preoviposition was found to be 7.58ЊC on eggplant and 6.96ЊC on tomato.
The temperature threshold and the degree-days were also estimated for the preimaginal development, which includes the development of egg and nymphal stages, and also for the egg-to-egg development, which includes preimaginal development plus preoviposition period (Table 4 ). The temperature threshold for preimaginal development was found to be 8.68 and 8.79ЊC and the thermal constant 439 and 431 DD in the presence of prey on eggplant and on tomato, respectively. The temperature threshold for egg-to-egg development was found to be 8.48 and 8.51ЊC and the thermal constant 541 and 533 DD in the presence of prey on eggplant and on tomato, respectively.
The linear regression equations expressing the relationship between the rate of nymphal development of M. pygmaeus and temperature on each tested host plant, in the presence and absence of prey, and the respective calculated temperature threshold for development, as well as the regression coefÞcients and level of signiÞcance, are presented in Table 4 . The temperature thresholds for development were estimated as 8.74 and 8.21ЊC on eggplant, 8.26 and 8.23ЊC on pepper-plant, and 9.19 and 9.29ЊC on tomato in the presence and in the absence of prey, respectively.
All of the previously referred parameters concerning each nymphal stage are presented in Tables 5 and  6 . Temperature threshold for development of each The slopes of the linear regressions, which describe the relationship between the rate of nymphal development and temperature, were not found to differ signiÞcantly among the three host plants in the presence and in the absence of prey (F ϭ 0.982; df ϭ 5, 12; P Ͼ 0.50). The slopes of the linear regression equations of the Þve nymphal stages were compared with each other on each host plant in the presence or absence of prey and the results showed that they were not signiÞcantly different in each instance and therefore the common slopes were calculated (Table 7) . Also, the examination for existence of signiÞcant differences among the slopes of linear regression equations of each nymphal stage on all host plants, in the presence and absence of prey, showed that those differences were not signiÞcantly different in each instance and therefore the common slopes were calculated (Table  8) .
Thermal Constants for Development. The degreedays for egg development of M. pygmaeus was calculated as 177 and 182 DD on eggplant and tomato, respectively (Table 4) .
The degree-days for the completion of the nymphal development on different host plants, in the presence and in the absence of prey, are shown in Table 4 . In the presence of prey they were found to be 269, 280, and 253 DD and in the absence of prey 332, 361, and 306 DD on eggplant, pepper-plant, and tomato, respectively. The degree-days for nymphal development were not found to differ signiÞcantly among the three host plants tested in the presence and in the absence of prey ( 2 ϭ 1.38, df ϭ 2, P Ͼ 0.50 and 2 ϭ 1.34, df ϭ 2, P Ͼ 0.50, in the presence and in the absence of prey, respectively). SigniÞcant differences in the degree-days were found between presence and absence of prey on each host plant ( 2 ϭ 6.61, df ϭ 1, P Ͻ 0.01; 2 ϭ 10.92, df ϭ 1, P Ͻ 0.01; and 2 ϭ 5.02, df ϭ 1, P Ͻ 0.02, on eggplant, pepper-plant, and tomato, respectively). The ratio of thermal constant in the absence of that in the presence of prey was calculated as 1.21 (mean), and this ratio did not signiÞ-cantly differ among the three host plants ( 2 ϭ 0.02, df ϭ 2, P Ͼ 0.90).
The degree-days for the development of each nymphal stage in the presence and in the absence of prey is seen in Tables 5 and 6 . In all cases, lower numbers of degree-days were found in the presence than in the absence of prey, on each host plant. The Þfth nymphal stage proved to need the highest number of degree-days, followed by that of the Þrst nymphal stage.
The thermal constant for preoviposition was found to be 100 and 98 DD on eggplant and on tomato, respectively (Table 4) .
Discussion
As far as we know there are no other studies in which temperature threshold for nymphal development of other Macrolophus species has been estimated. Using the data presented in the study of Fauvel et al. (1987) for Macrolophus caliginosus Wagner developed on tomato with T. vaporariorum at 10, 15, 20, and 25ЊC, we calculated the temperature threshold for nymphal development as 9.25ЊC. The temperature threshold for Table 6 . Regression equations that describe the relation between the rate of development (Y) and temperature (X) of each nymphal stage of Macrolophus pygmaeus on three host plants in the absence of prey, and the respective temperature threshold for development (t) in°C and (K) degree-days Fauvel et al. (1987) study in which it was found that M. caliginosus laid eggs at 10ЊC when females were maintained on tomato with T. vaporariorum at this temperature. The thermal constant for the development of nymphs of M. caliginosus, on tomato with T. vaporariorum as prey, which was based on the data presented in the study of Fauvel et al. (1987) , was calculated as 305 DD. This value is somewhat higher than the respective value found for M. pygmaeus (253 DD) in this study, also on tomato with the same prey. This difference slightly decreases when we consider the average value of thermal constant of M. pygmaeus on the three host plants (267 DD), because no signiÞcant differences were recorded among them as it was mentioned in the Results.
Temperature thresholds for development of E. formosa range from 12 to 13.3ЊC (Obsorne 1982 , Madueke and Coaker 1984 , Enkegaard 1993 , Shishehbor and Brennan 1996 . These are somewhat higher than those found in M. pygmaeus. Consequently, M. pygmaeus could establish and develop better than that natural enemy at relatively lower temperatures that occur early in the season.
Similar values of temperature threshold for egg development of M. pygmaeus on eggplant with M. persicae and on tomato with T. vaporariorum were found (Table 4) . Also, similar values of temperature threshold for nymphal development were found on the three host plants in the presence and in the absence of prey (Table 4 ) because the largest difference among those values on the three host plants only reached 1.08ЊC. A similar small difference (1.3ЊC) among temperature thresholds has also been found in the case of E. formosa on different hosts (Obsorne 1982 , Madueke and Coaker 1984 , Enkegaard 1993 , Shishehbor and Brennan 1996 and such a difference has been also reported by Shishehbor and Brennan (1996) as having no importance.
The values of the temperature threshold for development of each nymphal stage of M. pygmaeus on each host plant, in the presence and in the absence of prey, were similar to each other and close to those of the total nymphal development (Tables 5 and 6 ). Also, the host plants used did not inßuence its lowest developmental threshold either in the presence or in the absence of prey. The results we obtained for M. pygmaeus showed that the slopes of the regression lines between temperature and either the whole nymphal development or the development of each nymphal stage, in the presence and in the absence of prey, did not differ signiÞcantly among the host plants tested (Tables 7 and 8 ). This Þnding indicates that development changes with temperature, in the range of temperatures used in calculations, with an almost steady rate which does not depend on the presence/absence of prey and the host plant. Therefore, in M. pygmaeus, the temperature thresholds among the various nymphal stages and total nymphal development were not inßuenced either by the presence or the absence of prey on all the host plants tested.
In the case of the thermal constants signiÞcant differences were found between the presence and absence of prey on each host plant. Moreover, it was found that 1.21 times as many degree-days are required in the absence of prey compared with when prey are present.
The results of the current study on M. pygmaeus showed that this predator can establish and even develop populations on the varieties tested of eggplant and tomato at relatively low temperatures. This is because it cannot only lay eggs which can develop and produce nymphs but also can complete its nymphal development although in periods with low temperatures it requires a rather long time to complete its development. Therefore, in cases in which this predator is going to be used in biological control programs against whiteßies and aphids it is preferable to release it early in the season so as to give it enough time to establish and develop population. The fact that its prey populations are usually low or even absent early in the season do not seem to prevent its development because of, as it was also found, nymphs can start development in the absence of prey, at a temperature threshold similar to that in the presence of prey. However, the time needed for completing its development in the absence of prey is longer than that in the presence as mentioned above, irrespective of the host plant. Those differences in thermal requirements of the predator between presence and absence of prey, has to be taken into account for accurate estimation of the time needed for its development, in periods of scarcity or absence of its prey, in Þeld studies for population prediction purposes.
The attribute of M. pygmaeus to complete its development on eggplant, pepper-plant and tomato in the absence of prey is considered of particular importance, because if populations of it are already in the crop, early in the season, they could control effectively pest populations like whiteßies and/or aphids, when they start to immigrating to the crop and have not yet developed dense populations. The Þndings of this study could be used for predicting of M. pygmaeus population development in the Þeld. Also, they could be incorporated in models taking into consideration additional information on predation rates and reproduction Perdikis and Lykouressis, unpubl . data) for a better planning of using this predator.
